Abstract: Post-transcriptional regulation of HIV-1 gene expression is largely governed by the activities of the viral Rev protein. In this minireview, the multiple post-transcriptional activities of Rev in the export of partially spliced and unspliced HIV-1 RNAs from the nucleus to the cytoplasm, in the translation of HIV-1 transcripts, and in the packaging of viral genomic RNAs are reviewed in brief.
Introduction
The genome of the human immunodeficiency virus, HIV-1, encodes three classes of viral transcripts: 9 kb unspliced RNA, 4 kb partially spliced RNA, and 1.8 kb fully spliced RNA. The 9 kb RNA codes for Gag and GagPol proteins, while the 4 kb RNA generates the Env, Vif, Vpr, and Vpu proteins, and the 1.8 kb moiety produces Rev, Tat, and Nef ( Figure 1 ). Full length HIV-1 RNA contains at least 5 splice donor sites and 9 splice acceptor sites whose permutations and combinations lead to the generation of approximately 40 distinct viral mRNAs [1 3] .
HIV-1 splicing generally proceeds sub-optimally [4, 5] . A number of host cell proteins including arginine/serine rich (SR) proteins [SC35, ASF/SF2 (alternative splicing factor/splicing factor 2), SRp40 (SR protein 40) , and 9G8] and heterogenous ribonucleoproteins (hnRNPs; hnRNP A1, hnRNP A2, and hnRNP A3) have been reported to influence splicing as well as the fate of unspliced/spliced HIV-1 mRNAs [3,6 8] . While the HIV-1 Tat protein drives viral transcription [9 11 ], the Rev protein governs multifaceted aspects of post-transcriptional expression and utilization of viral RNAs. Rev is a 116 amino acid protein. Like Tat, Rev is an RNA-binding protein containing a stretch of highly basic arginine residues. While Tat binds to the ~80 nucleotide TAR RNA hairpin motif which is contained in all classes of HIV-1 RNAs, Rev binds to the ~350 nucleotide stem-loop-rich RRE (Rev-responsive element) RNA motif (position 7709 to 8063; Figure 1 ) which is present in 9 kb, 4 kb, but not 1.8 kb viral transcripts. A key understanding of Rev function has emerged from the characterization of its arginine-rich nuclear localization (NLS) and its leucine-rich nuclear export (NES) signals. Currently, it is understood that Rev is a nuclear-cytoplasmic shuttling protein. It is ferried into the nucleus in an energy-dependent manner by NLS-interaction with importin b or other nuclear import factors, and it exits the nucleus via NES-engagement with the CRM1 protein [12 14] .
Four recent papers have provided new structural insights into Rev-RRE interaction [15 18 ]. Previously, it was reported that Rev nucleates at its primary RRE-binding site as a monomer [19] , although multiple molecules of Rev assembled on the RRE are needed for function [15] . The new studies indicate that at least 6 Rev monomers converge on the RRE with the subsequent formation of RRE-RNA-Rev dimers that then further oligomerize into larger RNP-complexes. Within the RRE-RNA-Rev dimer, the two Rev protein molecules form a V shape through protein-protein contact via hydrophobic residues at amino acid positions 12, 16, and 60. This V shaped protein-dimer positions the respective arginine-rich RNA binding helicase from each Rev monomer in a way that each presents a different contact surface to cooperatively engage the RRE-containing RNA. These new studies offer elegant structural insights, but still leave unanswered how the Rev-RRE structure shapes the various Rev biological activities.
Rev-Dependent Export of Partially Spliced and Unspliced HIV-1 RNAs from the Nucleus
Eukaryotic cells typically retain unspliced and incompletely spliced RNAs in the nucleus while allowing intron-less, fully-spliced, RNAs to exit the nucleus. Because retroviruses use unspliced full-length 9 kb viral RNA as the genomic RNA for progeny virions, as well as to encode Gag and GagPol proteins, and partially spliced 4 kb RNA (in the case of HIV-1) to synthesize Env, Vif, Vpr, and Vpu proteins, these viruses must develop mechanism(s) that actively release such RNAs from the nucleus into the cytoplasm. Retroviruses achieve this function through two major means. Genetically simpler retroviruses like Mason-Pfizer monkey virus (MPMV) have a cis-RNA sequence, the constitutive transport element (CTE), that exists in unspliced/partially spliced viral RNAs [20] . CTE-containing RNAs are recognized by the NFX1 (nuclear transcription factor X-box binding 1)/TAP (tyrosine kinase interacting protein associated protein) transport factor (which is normally used for the export of spliced cellular transcripts) for egress out of the nucleus [21 23] (Figure 2 ). Genetically complex retroviruses like HIV-1 have, instead of a CTE, an RRE-RNA sequence that is a bindingtarget for a viral protein (i.e., Rev). Rev binds RRE-RNA and docks it to the cellular export protein, CRM1 (chromosome region maintenance 1) [24, 25] . The RRE-RNA-Rev-CRM1 complex is then transported together from the nucleus into the cytoplasm ( Figure 2 ).
It should be emphasized that besides the RRE-sequence, unspliced and partially spliced HIV-1 RNAs contain several short instability sequence elements (INS) [26, 27] . While RRE is a binding site -transport factors (Rev and CRM1), the INS elements are thought to be sites for -containing RNAs in the nucleus. The importance of INS sequences for the nuclear retention of RRE-RNA-containing transcripts was demonstrated by mutagenesis studies that changed the INS nucleotide sequences in a manner to optimize their translation codon-usage. These sequence changes are thought to free the INS motifs from being bound and sequestered by nuclear retention factors rendering RRE/INS containing RNAs to become constitutively competent, in a Rev-independent manner, for nuclear-cytoplasmic export [26, 27] . Currently, the identities of the negative factors that putatively retain HIV-1 INS-containing sequences in the nucleus are not fully clear. The list of proteins that can bind HIV-1 INS elements include hnRNP A1 [28] , polypyrimidine tract binding protein (PTB) [28] , polypyrimidine tract binding protein-associated splicing factor (PSF) [29] and poly(A)-binding protein (PABP) [30] . Some investigators have suggested that the PSF (PTBP-associated splicing factor) protein might be a major nuclear retention/destabilization factor for unspliced/partially spliced HIV-1 transcripts [29] . Intriguingly, two independent laboratories have reported recently that a PSF-associated factor, Matrin 3, acts in a Rev-dependent fashion to increase the cytoplasmic expression of RRE-containing transcripts [31, 32] . The results suggest that Matrin 3 may act, in part, by countering the nuclear retention/destabilization of RRE/INS-containing RNAs by PSF (Figure 2) .
In addition to CRM1, Rev RRE RNA interaction relevant to nuclear-cytoplasmic transport likely involves several other host cell co-factors. These include Ran (Ras-related nuclear protein), FG (phenylalanine-glycine)-repeat nucleoporins, RIP (Rev-interacting protein)/RAB (Rev/Rex activation domain-binding protein) [33, 34] , and a multitude of RNA helicases such as DDX3 [DEAD (Asp-GluAla-Asp) box 3] [35] , DDX1 [36, 37] , and RNA helicase A (RHA) [38] . Of interest, HIV-1 infection is known to up regulate the cellular expression of several RNA helicases including DHX9, DDX11, DDX18, DDX21 and DDX24 [39] , and a recent mass spectrometry-based proteomic study identified the binding to Rev-RRE-RNA of eight cellular RNA helicases, DDX1, DDX3, DDX5, DHX9 (RHA), DDX17, DDX24, DHX36, and DDX47 [40] . How these helicases act in stabilizing, transporting, localizing, and perhaps translating RRE-containing HIV-1 RNAs remains to be clarified.
Figure 2.
Rev activities influence HIV-1 RNA transport, translation, and packaging. The provirus is shown to produce unspliced RNA (with RRE, green, and instability sequence elements (INS), blue) and fully spliced HIV-1 RNA (with no RRE or INS sequences). The export of unspliced (red)/partially spliced HIV-1 RNA through a CRM1 dependent pathway and the export of fully spliced viral RNA (brown) through a TAP dependent pathway are shown. In the model, negative nuclear factor(s) that binds the INS sequence (e.g., PSF) and participates in the retention of unspliced/partially spliced viral RNAs in the nucleus is illustrated. Rev/CRM1/RanGTP and Matrin 3 are considered to cooperate with DDX3 RNA helicase for the export of unspliced/partially spliced HIV-1 RNAs from the nucleus through the nuclear pores. In the cytoplasm, Rev enhances viral RNA translation on polyribosomes and its packaging into virion particles. The exact cellular factors that assist Rev in these latter functions remain to be identified and characterized.
The RNA-cap structure appears to be an additional component in the regulated transport of HIV-1 unspliced/partially spliced RNAs from the nucleus to the cytoplasm. The human cellular RNA methyltransferase, PIMT (peroxisome proliferator-activated protein with methyltransferase domain), was recently shown to enhance Rev-mediated export of HIV-1 RNA [41] . PIMT is an RNA methyl transferase that selectively hypermethylates the monomethylated m7G RNA-cap to a trimethylated TMG-cap on unspliced/partially, but not fully, -spliced HIV-1 transcripts. The selectivity of hypermethylation occurs because Rev recruits PIMT to RRE-containing RNAs. TMG-capped RNAs, like snRNAs [42] and snoRNAs [43] , are substrates for recognition by the CRM1 transporter protein, and it was suggested that TMG-capped HIV-1 RNAs might accordingly be a cis-RNA element specifying CRM1-mediated transport from the nucleus into the cytoplasm.
Rev and the Translation of HIV-1 RNA
Several early reports identified a role for Rev in promoting the translation of RRE-containing HIV-1 mRNAs [44, 45] . Molecular evidence showed that independent of its activity in exporting RRE-containing RNA from the nucleus, Rev enhances the translation of RRE-containing RNAs such as Gag by approximately 100 fold. Specifically, it was reported that Rev increased the association of Gag, Vif, Vpr, Vpu/Env RNAs with the translating polyribosomes [45] (Figure 2 ). How Rev achieves this result is not known. In a recent proteomic study, Rev was curiously found to associate with several mitochondrial (MRPS9, MRPS28, MRPL42; [40] ), but no cytoplasmic, ribosomal proteins. Hence, a direct Rev effect on polyribosome components seems an unlikely mechanistic explanation for increased translation. Potentially, Rev interaction with cofactors such as Sam68 [46, 47] and RHA/DHX9 [48] may reconfigure RRE-containing RNA for their targeting to and association with the cytoplasmic translational machinery. Additionally, Rev could directly interact with the 5 UTR of HIV-1 RNAs to influence translation [49] . Additionally, the observed increase in translation may be secondary to Rev stabilization of RRE/INS-RNAs. In such view, enhanced translation is a consequence of increased RNA stability which could be achieved in RRE-and INS-containing RNAs by codon-optimized silent mutations in the INS sequences or by providing the Rev protein in trans [27] .
For HIV-1 and other retroviral RNAs (e.g., MMTV, [50] ), an emerging picture is that nuclear pathways and cofactors used to export the viral RNA from the nucleus into the cytoplasm ultimately influence the localization and translational efficiency of the RNA in the cytoplasm. Rev interaction with RRE (and INS) containing RNAs in the nucleus affects the removal of negative nuclear impediments as well as conferring positive effects to the cytoplasmic translation of RNAs. The exact balancing mechanistic details remain unclear and are unlikely to become more clear until additional relevant factors are identified and characterized.
Rev and HIV-1 RNA Packaging
The full length unspliced HIV-1 RNA encodes the Gag-Pol proteins, but it is also the genomic RNA packaged into virions. A number of events impact the packaging of genomic viral RNA into virions. These include the appropriate exit from the nucleus of unspliced HIV-1 RNA, the dimerization of the genomic RNA, and Gag-RNA interaction in the cytoplasm prior to particle assembly and budding at the plasma membrane. As discussed above, Rev is pivotally important for the nuclear export of unspliced full length HIV-1 RNA from the nucleus. Recently a new activity for Rev/RRE in the packaging of genomic HIV-1 RNA has been broached.
It is conventionally held that the cis [51] is important for packaging; however, recent data have shown that Rev/RRE plays a role in viral RNA encapsidation and influences HIV-1 infectivity by more than 1,000 fold [52 55] . Because the Rev protein is not found in virions, it is unlikely to contribute a direct role in the assembly of RRE-containing RNAs into viral particles. Interestingly, the packaging activity of Rev correlates in part with the nuclear export of RNA suggesting that this activity of Rev is indirectly influenced by the nuclear events (e.g., RNP ribonuclear protein assembly) experienced by RRE containing RNAs [52, 53] . For example, Rev and RRE dependent viral RNA encapsidation was 100 fold higher than similar viral RNA engineered to be Rev and RRE-independent by INS codon optimization of Gag RNA or by substituting CTE in place of RRE. The interpretation of these results is that Rev/RRE RNAs transit a nuclear export pathway different from that used by codon optimized Gag RNAs or CTE-containing viral RNAs [23, 54] , suggesting that the paths experienced by the RNAs matter in how the RNAs will ultimately be packaged into virions. Moreover, because the provision of Rev alone is not sufficient for the efficient encapsidation of HIV-1 RNA that is engineered to be exported via a CRM1 independent pathway, the findings implicate that CRM1/Rev RRE RNA interaction is also critical for optimal HIV-1 RNA encapsidation. One should also keep in mind that full length unspliced viral RNA that is directed to the polyribosome for translation competes with its use for virion packaging. Thus, Rev activity that affects the translation of RRE-RNA also indirectly influences RNA-packaging into virions [56] .
Concluding Remarks
To date, the study of HIV 1 Rev has contributed to our understanding of intricate RNA-protein interactions that underlie RNA transport, translation and virion packaging. What was once considered as perhaps three discrete events now appear to be fully connected. Which pathway an RRE-containing RNA uses to exit the nucleus is apparently consequential to how it is destined for translation and packaging. If that RNA enters the polyribosome for translation then such choice excludes its utility for virion packaging. In the overall picture, Rev interaction with different cellular cofactors is also important in orchestrating the interconnected balance between roles in transport, translation, or packaging.
